The Bacillus subtilis version of SCO1 (BsSCO) is required for assembly of Cu A in cytochrome c oxidase and may function in thiol-disulfide exchange and/or copper delivery. BsSCO binds Cu(II) with ligation by two cysteines, one histidine and one water. However, copper is a catalyst of cysteine oxidation and BsSCO must avoid this reaction to remain functional. Time resolved, rapid freeze-quench (RFQ) electron paramagnetic resonance of apo-BsSCO reacting with Cu(II) reveals an initial Cu(II) species with two equatorially coordinated nitrogen atoms, but no sulfur. We propose that BsSCO evolves from this initial sulfur free coordination of Cu(II) to the final dithiolate species via a change in conformation, and that the initial binding by nitrogen is a means for BsSCO to avoid premature thiol oxidation.
Introduction
Members of the SCO family of proteins have been implicated in the assembly of cytochrome c oxidase [1] . The SCO proteins have a conserved -CXXXC-motif and are proposed to be involved specifically in assembly of one of the copper centers (i.e., Cu A ) of the integral membrane enzyme cytochrome c oxidase [2] . The Cu A center is composed of two copper ions held to the protein by a set of amino acids that includes a pair of bridging thiols from two cysteine residues. Assembly of Cu A requires delivery of two copper ions to a site in which the side chains of the cysteine residues are in the reduced, dithiol, copperbinding state. SCO proteins, therefore, have been proposed to play a direct role in copper delivery and/or in disulfide exchange with the cysteine residues of the apo-Cu A site [3, 4] . There is evidence in vitro with the Thermus thermophilus version of SCO for a disulfide exchange role in formation of the Cu A site in cytochrome ba 3 oxidase. A second protein (i.e., PCu A C) is proposed to be the copper delivery vehicle in the Thermus system [5] . However, an equivalent of PCu A C is not found in Bacillus. It is still an open question as to whether the Bacillus subtilis version of SCO (i.e., BsSCO) functions in copper delivery and/ or disulfide exchange. We have found that BsSCO binds Cu(II) extremely tightly, prefers Cu(II) over Cu(I), and proposed that the interaction with copper is a key aspect of BsSCO's function [6] .
Copper is well known as an oxidant of cysteine [7, 8] and other thiol containing reagents [9, 10] . Copper is also recognized as a reagent that promotes oxidative stress via its interaction with protein thiols [11] . In contrast the reaction of the reduced, dithiolate form of BsSCO with Cu(II) gives a stable complex with Cu(II) in quantitative yield [12] . The Cu(II) ion is ligated by two cysteines, one histidine and a water in the equilibrium complex [13] . We have shown in time-resolved studies using stopped-flow, UV-Vis absorption that the high affinity complex between BsSCO and Cu(II) is formed in a two-step process [14] . In the work reported here we characterized the intermediate state in the BsSCO/Cu(II) reaction by RFQ-electron paramagnetic resonance (EPR). We are able to observe development of the ligand binding site within BsSCO over time that supports the existence of two different protein conformers that provide two related, but distinct modes of copper binding. We observe the copper site on BsSCO evolve from an initial form with two nitrogen ligands and no sulfur to a site with two sulfurs and one nitrogen. We propose that the intermediate form serves to prevent premature thiol oxidation, and could be involved in metal exchange with the target (e.g., apo-Cu A ).
Materials and methods

Sample preparation
BsSCO was prepared and reduced as described in earlier work [6] . Reduced BsSCO (0.2 mM in 25 mM sodium phosphate buffer pH 7.0) was mixed (1:1 volume ratio) with equimolar aqueous CuCl 2 and frozen after total effective incubation times of 10-140 ms at 23 ± 1 °C, using a modified and calibrated Update Instruments (Madison, WI) rapid-freezequench (RFQ) apparatus [15] .
EPR spectroscopy
EPR was carried out at 9.6 and 34 GHz using a Bruker EleXsys E600 spectrometer equipped with Oxford Instruments flow-through helium cryostats. Precise frequencies were measured by inbuilt microwave counters. X-band EPR spectra were recorded at 10 mW, 62 K; other spectra (not shown) were recorded at 250 μW to 25 mW to determine the maximum nonsaturating power. The Q-band spectrum presented was recorded at 50 μW, 74 K, and was indistinguishable from the derivative of the rapid-passage spectrum recorded with secondharmonic out-of-phase modulation at 60 mW, 63 K. Magnetic field modulation of 0.4 mT (4 G) at 100 kHz was employed. Computer simulations were carried out using XSophe [16] . Where structure was observed on the g ⊥ line, A ⊥ values for copper were refined starting with those suggested in the literature for square-planar based Cu(II) [17] . The approximation was made that copper couplings were due to 100% 63 Cu. Quadrupolar terms were neglected because 63/65 Cu quadrupolar terms are expected to be small compared to 14 N superhyperfine lines and will affect only the weakest g ⊥ features, due to secondary transitions, in the X-and Q-band spectra [18, 19] .
Results
Reaction of Cu(II) with BsSCO
In the absence of BsSCO, frozen aqueous CuCl 2 exhibited an EPR signal ( Fig. 1A and B) typical of Cu(II), with g || = 2.406, g ⊥ = 2.077 and A || Cu = 13.8 × 10 −3 cm −1 . These parameters indicate exclusively oxygen equatorial coordination (Fig. 2) [20] . Upon incubation of BsSCO with equimolar Cu(II) for 10-140 ms, similar and complex signals are observed that cannot be simulated assuming a single species (Fig. 1C , E and G). Upon further incubation of BsSCO with equimolar Cu(II), for 2 min and beyond, a characteristic signal is obtained that is best simulated, at both X-and Q-bands, by assuming a single equatorially coordinated nitrogen atom (Figs. 1I and J Fig. 3 ). Peisach and Blumberg analysis supports this assignment (Fig. 2) . The lack of any obvious features due to the influence of a significant quadrupolar coupling suggest that there is no axially coordinated imidazole [19] . Slight differences in the values for the copper hyperfine interaction in the equatorial plane is observed in simulations at X-and Q-bands, and likely indicate some noncoincidence of g and A (Fig. 3). 
Properties of the intermediate species
To gain more information on the nature of the intermediate species, the spectrum of the equilibrium species was subtracted from the species isolated by RFQ after 140 ms incubation of BsSCO with Cu(II). The difference spectrum (Fig. 1K) is distinct from the spectrum of CuCl 2 (aq) and represents a new intermediate species in the binding of Cu(II) by BsSCO. Computer simulation (Fig. 1L ) returned values of g || = 2.251, g ⊥ = 2.049 and A || Cu = 16.6 × 10 −3 cm −1 . These values clearly indicate the presence of at least two equatorially coordinated nitrogens, and argue strongly against equatorial sulfur coordination (Fig. 2) . Nitrogen coordination cannot be detected directly from superhyperfine structure in the spectrum, but the inclusion of typical values for rhombically distorted axial (super)hyperfine couplings to the copper nucleus and to two nitrogens in the simulation of Fig. 1L shows that the shape and width of the g ⊥ line is consistent with the presence of at least two nitrogens. The origin of the small feature in trace 1K at about 3360 G (g eff ≈ 2.04) is unclear; the feature could be approximated by including a small axial copper quadrupolar component of 0.3-0.4 × 10 −3 cm −1 , but the fit is not sufficiently good to infer either imidazole or axial nitrogen coordination. In addition, this feature overlaps considerably with the g ⊥ line of the CuCl 2 (aq.) signal. Further information on the nitrogen coordination of the intermediate species is expected to arise from electron spin echo envelope modulation and from very low frequency EPR studies [21, 22] .
The EPR spectra of the species trapped by RFQ are modeled using the three basis spectra, i.e. CuCl 2 (aq.), the BsSCO intermediate species, and the BsSCO equilibrium species (Fig.  1C-H) . In each case, the best fit is achieved using a 70 ± 5% contribution (in terms of spins) from the BsSCO intermediate species, a 10 ± 1% contribution from the BsSCO equilibrium species, and a 20 ± 10% contribution from CuCl 2 (aq.). After 10-140 ms incubation with BsSCO, therefore, 70% of the added equimolar Cu(II) is in an intermediate state that is characterized by a higher equatorial nitrogen coordination number than the equilibrium state, and with no sulfur coordination.
Discussion
In these experiments the apo-form of reduced BsSCO was mixed with a CuCl 2 solution in a 1:1 molar ratio. Although this reactant mixture is not ideal for kinetic analysis, that is not our primary concern here. Rather we kept to a low Cu(II):BsSCO ratio so as to minimize the contribution of "free Cu(II)" to the EPR spectrum. The EPR spectra observed at 10-140 ms under our experimental conditions has contributions from two spectral forms of Cu(II) in complex with BsSCO and this is consistent with our previous stopped-flow, transient absorption studies on the kinetics of Cu(II) binding to BsSCO [14] . There is also a small amount of the equilibrium copper bound species that is present in the sample before mixing. This species is hard to avoid during handling of the sample due to the extremely high affinity of reduced, apo-BsSCO for Cu(II) [12] . This equilibrium species is characterized by a superhyperfine splitting in the g ⊥ region that could be very well modeled as being due to a single equatorially coordinated nitrogen atom, and that is presumably derived from the coordinated histidine residue (i.e., H135). Peisach and Blumberg analysis is entirely consistent with this conclusion, and also strongly suggests two equatorial coordinated sulfurs; there are two coordinated cysteines in BsSCO. Hence, the EPR spectroscopy of the equilibrium species of BsSCO faithfully predicts the salient features of the Cu(II) coordination sphere.
The second and more strongly contributing species is a new form. Although the difference spectrum that corresponds to the intermediate species exhibits poorly resolved structure in the g ⊥ region that hints at coordinated nitrogen, that region is complicated by extensive overlap with strong features from the other two species contributing to the experimental spectrum. In addition, even small Cu quadrupolar couplings manifest themselves as small features in this region when included in simulations. This structure cannot, therefore, be confidently assumed to indicate nitrogen coupling. On the other hand, the Peisach and Blumberg analysis is unambiguous in identifying that the Cu(II) ion in the intermediate species is equatorially coordinated by at least two nitrogens and not at all by sulfur. This coordination environment is markedly different from both CuCl 2 (aq.) and the BsSCO equilibrium species.
It appears that Cu(II) is initially bound by nitrogens derived from BsSCO, most likely backbone peptide nitrogens, such as is observed at high Cu(II):protein ratios with the prion protein [22] . This initial complex then evolves to the final form with two sulfur atoms, from the two conserved cysteine residues, as inner sphere ligands. We propose that the initial BsSCO:Cu complex with nitrogen ligation serves to prevent copper catalyzed oxidation of the thiol-containing residues of BsSCO. Such oxidation is observed for thiol-based reagents [8] and for cysteine residues in other proteins [23] . Spontaneous conversion of the BsSCOCu(II) complex to oxidized BsSCO plus Cu(I) has been observed at high ionic strength with the native protein [6] . Redox conversion of the BsSCO-Cu(II) complex has also been observed for the H135A mutant of BsSCO at low ionic strength [24] .
BsSCO binds copper(II) in a thermodynamically tight (K D ~3 pM) and kinetically inert (k off <10 −5 s −1 ) complex. Progression to the equilibrium form takes only a couple of seconds at neutral pH with the isomerisation step occurring at a first order rate of 1.5 s −1 [14] . The thermodynamic stability is largely conferred by the energetics of the two-step binding process and slow kinetic exchange is determined by the off rate of the stable complex. At the observed formation rates if reduced BsSCO is exposed to Cu(II) in vivo the equilibrium species is likely to accumulate. One could view the equilibrium copper bound form of BsSCO as a potential trap and, if copper exchange is to occur, this trap must be escaped. If the rule of microscopic reversibility is applied then the intermediate characterized here represents a potential form of BsSCO that could be involved in metal exchange. However, conversion from the equilibrium, thiol-ligated form to the intermediate, nitrogen-ligated form would require an energetic input, as might be derived from the interaction of BsSCO with its target protein. The nitrogen-ligated intermediate does not have the stability of the final, thiol-ligated form, and yet does not undergo premature thiol oxidation as reported for the H135A mutant of BsSCO [24] . The initial interaction between BsSCO and copper via nitrogen ligation may be critical to maintain the reduced, functional state of BsSCO.
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